Centromeres, chromosomal loci essential for genome integrity, are epigenetically defined by CENP-Acontaining chromatin. Recent studies suggest that parental CENP-A is asymmetrically distributed upon stem cell asymmetric division. However, a direct link between centromeres and stem cell identity has not been demonstrated. We show that Drosophila female germline stem cells (GSCs) and neuroblasts assemble centromeres between G2-phase and prophase, requiring CYCLIN A. Intriguingly, chromosomes that will be inherited by GSCs incorporate more CENP-A and capture more spindle fibers at pro-metaphase.
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( Fig. 2C ). In the CYCA negative NBs, the DNA is not condensed, indicating that they are neither in mitosis nor in G2/prophase. We therefore labelled them as G1/S-phase NBs. Our quantification shows that CYCA positive NBs have approximately 40% more CID compared to the G1/S-phase NBs (G2/prophase=4190±364, n=30 cells; G1/S-phase (4 μm)=2191±151, n=31 cells; G1/S-phase (5-8 μm)=2552±155, n=30 cells; 9 tVNC analysed). Our results confirm that similar to GSCs also neural stem cells assemble centromeres between G2 and prophase.
CID loading at GSC centromeres requires CYCLIN A
Previous work showed that centromere assembly is tightly linked to key cell cycle regulators (Stankovic et al., 2017) . In Drosophila, CYCA accumulation in G2 phase is crucial to make centromeres competent for assembly, while it needs to be degraded by the proteasome activity in order to allow CID deposition (Erhardt et al., 2008; Mellone et al., 2011) . Our work shows that in GSCs, centromeric recruitment of CID initiates in G2 phase and continues until prophase ( Fig. 1 ), coinciding with CYCA activity. Therefore, we characterised the localisation pattern of CYCA in GSCs with respect to centromeres. CYCA was previously shown to have both a cytoplasmic and nuclear localisation, specifically co-localising with CID at the centromeres in Kc167 cells (Erhardt et al., 2008) . We confirm that this is the case also for GSCs using antibody staining (Fig. 2D -G and inset G'). Following, we used the GAL4:UAS system (Duffy, 2002) to deplete CYCA specifically in GSCs. Thus, a double stranded RNA interference line for cyclin a was combined with the germline-specific driver nanos-Gal4, strongly expressed in GSCs (Mathieu et al., 2013) .
To confirm the knock down, control nanos-Gal4 and CYCA RNAi ovaries were dissected and antibody stained against CYCA (Fig. S1 ). To identify possible phenotypes with respect to centromere assembly, we used antibody staining against germline (VASA) and stem cell (1B1, spectrosome) specific markers (Yan et al., 2014) , in combination with centromeric markers. VASA staining showed that in control nanos-Gal4 (F0), germaria chambers are filled with germ cells (Fig. 2H -I') while CYCA depletion leads to a loss of germ cells (Fig. 2J-K') . Furthermore, the few germ cells left appear to be as twice as big as the germ cells approximately 80% of CID at centromeres compared to the control (Fig.2L', nanos-Gal4=1949±127, n=20 cells; CYCA RNAi= 1548±93.45, n=22 cells). Taken together, our data show that CYCA depletion is specifically responsible for the 40% loss of centromeric CID per nucleus and a 20% loss of CID at individual centromeres.
CAL1 levels at the centromeres are not affected by CYCLIN A deficiency
To test whether the loss of CID observed in CYCA deficient GSCs was due to the loss of CAL1, and/or CENP-C, we antibody stained control and knocked down germaria for both CAL1 and CENP-C (Fig. 2M-Q ). CAL1 is not only detectable at centromeres but also in the nucleolus (Schittenhelm et al., 2010; Unhavaithaya and Orr-Weaver, 2013) . In this case, we specifically quantified the centromeric CAL1 in GSCs at G2/prophase and found no significant difference in the amount of centromeric CAL1 detected per nucleus between the nanos-Gal4-GSCs and CYCA n=15 cells; CYCA RNAi= 2865±457.8, n=14 cells). In contrast, CENP-C levels are reduced, comparable to CID ( fig. 2S , nanos-Gal4=7060±730.1, n=15 cells; CYCA RNAi= 4269±525.6, n=14 cells). These results suggest that the diminishment of CENP-C and CID observed in the GSCs of CYCA-knocked down germaria might be independent of CAL1.
Super-resolution imaging reveals that chromosomes to be inherited by the GSCs are loaded with more CID and capture more spindle fibers
To explore the biological significance of centromere assembly in G2-prophase and to provide a possible link to asymmetric divisions occurring in stem cells, we investigated CID intensity at sister chromatids in GSCs prior to division. Specifically, we used super resolution microscopy to examine CID intensity at sister centromeres at pro-metaphase and metaphase. To capture GSCs in this specific time-window, we used the phosphorylation at threonine 3 of histone H3 (H3T3P) (Xie et al., 2015) marker and antibody staining against the spectrosome, which has a round shape during mitosis (Ables and Drummond-Barbosa, 2013).
Importantly, super-resolution microscopy allowed us to resolve 8 individual sister chromatids pairs at these stages (16 centromere foci) (Fig. 3) . Using the position and orientation of the spectrosome, we specifically identified centromeres that will be inherited by the GSCs and centromeres that will belong to the CBs (Fig.   3A-F, Fig. S2 ). Following, we measured the total amount of CID present on one set of chromosomes versus the other. For comparison, we conducted the same analysis on differentiated cells of 4-cell cysts called cystocytes (CC) that divide symmetrically (Fig. 3G-K) . The ratio obtained between values shows that centromeres present on the GSC side incorporate approximately 20% more CID, compared to centromeres of the CB side (ratio GSCside/CBside=1.192±0.072, n=9 GSCs in pro-metaphase/metaphase; Fig. 3L-M) .
Importantly, this asymmetry in the distribution of CID is not observed in the chromosomes of the CCs at the same time-window (ratio CCAside/CCBside=1.016±0.027, n=9 CC in pro-metaphase/metaphase; Fig. 3L -M). Because it was already shown that chromosome having bigger centromeres can dock more spindle fibers (Drpic et al., 2018) , we decided to check whether this would be the case also with GSC-chromosome which harbour more CID. We therefore antibody stained GSCs in pro-metaphase and metaphase against tubulin ( Fig. 3N-S) . We first observed that at pro-metaphase the spindle is already bioriented ( Fig. 3N-P) .
Secondly, we observed that the spindle fibers nucleated from the daughter centrosome, inherited by the GSC (Salzmann et al., 2014) , are more compared to those nucleated from the mother centrosome on the CB side. This is detectable both at pro-metaphase and metaphase ( Fig. 3N-S) . These results suggest that chromosomes are labelled with differential amount of CID upon centromere assembly, and specifically chromosomes inherited by the GSCs harbour more CID. Furthermore, GSC-chromosomes in this timewindow capture more spindle fibers compared to the CB-chromosomes.
CAL1 is crucial for stem cell division and differentiation in Drosophila female germline tissues.
To test the role of centromere assembly during stem cell asymmetric division, we performed functional analyses in GSCs. Specifically, we used UAS-RNAi for CID and CAL1 transgenic lines (Dietzl et al., 2007) combined with the driver nanos-Gal4. Ovaries from F1 progeny were dissected and screened using antibody staining against VASA and the spectrosome (1B1). Control ovaries showed germaria filled with germ cells (Fig. S3A ) and stem cells having a round spectrosome attached to the cap cells (Fig. S3A , stylised arrows).
As expected for an essential gene, CID knocked down female flies (F1) showed agametic ovaries with no VASA-positive cells (Fig. S3A ) and these flies did not lay eggs (not shown). For the CAL1 knock down, we confirmed a greater than 10-fold depletion of CAL1 expression through real time-qPCR (Fig. 4A , see STAR methods). Phenotypic analysis of CAL1 depleted ovaries showed they were largely agametic (Fig.   S3A ). However, 18% of germaria (3/16) showed the presence of a few cells (1-3) that were VASA positive with a round spectrosome and located 90% of the time at the apical end germaria (Fig. S3A ). Older flies (7 days post eclosion) showed a higher frequency of this phenotype (approximately 30%, 5/16 germaria) (not shown). The 1-3 cells left showed all the features of GSCs (Fig. 4BI-IV) . They are VASA-positive ( Fig.   S3A ), located at the apical end of the germarium close to the terminal filament in the stem cell niche, have a round spectrosome (Fig. S3A , compare 4BII and 4CII) and stain positive for phosphorylation of Mothers Against Dpp (pMAD), a BMP signaling indicator present in GSCs (Song, 2004 ) (compare Fig. 4BIII and 4CIII) and do not express the differentiation marker Bag of Marbles (BAM) (Fig. S3B) . From our analysis we can conclude that CAL1 is crucial for stem cell differentiation.
Centromeric CAL1 is required for CID and CENP-C recruitment to GSC centromeres
Given that CAL1 is located both at the centromeres and in the nucleolus, we investigated the depletion of both CAL1 pools in GSCs. We performed antibody staining against centromeric and nucleolar components in combination with CAL1 (Fig. S3C) . In nanos-Gal4 flies (Fig. S3C) , CAL1 co-localises with both CENP-C and the nucleolar marker FIBRILLARIN respectively ( Fig. S3C and S3C ). In the CAL1-knocked down samples, CAL1 is still present in the nucleolus of GSCs, as it co-localises with FIBRILLARIN ( Fig. S3C ), however it is missing from the centromeres, as we could not distinguish any CAL1 signal outside of the nucleolus overlapping with the CENP-C marker (Fig. S3C) . Indeed, neither CENP-C nor CID is detectable at centromeres in the knocked down cells (Fig. 4D-E) . From our observation we conclude that: i) our knock down depletes the pool of CAL1 proteins at the centromeres, but not the one at the nucleolus; ii) knock down of centromeric CAL1 is responsible for the loss of functional centromeres in GSCs.
Over-expression of CAL1 and CID promotes stem cell self-renewal, while CAL1 over-expression promotes cell proliferation
To further explore centromere function in GSCs, we performed an over-expression of CAL1 together with CID, and CAL1 over-expression alone. For this purpose, we generated transgenic flies carrying CAL1-YFP only, or both CAL1-YFP and CID-mCherry, all under the control of UASp (see STAR methods). We then crossed both lines to a nanos-Gal4 driver line. Ovaries from F1 progeny were dissected and first screened for correct localisation of the fusion proteins, confirmed using antibody staining against CID and FIBRILLARIN (Fig. S4 ). As expected, the nanos-Gal4 control does not show any YFP or RFP fluorescence ( Fig. S4A-E' ). In the CAL1-CID over-expression, CAL1-YFP co-localises with CID-mCherry and with CID antibody (Fig.S4F -I stylised arrow and inset S4J), but we could not detect any co-localisation with FIBRILLARIN in the nucleolus (Fig. S4F '-I' stylised arrow and inset S4J'). In the CAL1-YFP overexpression, instead, CAL1 localises as expected, at centromeres and at the nucleolus (Fig. S4K '-N' arrow heads and inset S4O'). We next verified any change in the niche composition using antibodies against GSC and CB markers. We first quantified the number of spectrosomes ( Fig. 5A-C) . In nanos-Gal4 we found an average of 2 spectrosomes/germarium (Fig. 5A arrows, and 5J; n=30 germaria) . In the CAL1-CID over-expression, this number increases about 1.4 fold (Fig. 5B arrows, 5J; UAS_CAL1-UAS-CID=2.61±0.17, n=30 germaria), while in the CAL1 overexpression, the number of spectrosomes/germaria almost doubles (Fig. 5C arrows, 5J; UAS_CAL1=3.51±0.31, n=30 germaria). To better understand the disruption caused to the niche, we used the additional markers pMAD, a stem cell marker (Song, 2004) and SEX-LETHAL (SL) (Fig. 4I-N) , a marker that labels the GSC-CB transition. SL is present from GSCs up to the 2-cell cyst stage and can therefore be used to define the size of the niche (Chau et al., 2009) . In this case our quantification shows that nanos-Gal4 germaria have approximately one pMAD positive cell (nanos-Gal4pMAD=1.13±0.14, n=30 germaria; Fig. 5D and 5K ), while the number of pMAD positive cells doubles in both over-expression lines 
5I and 5K
). This analysis shows that both CAL1-CID over-expression and CAL1 over-expression increase the number of GSCs compared to the control nanos-Gal4. Furthermore, over-expression of CAL1 alone is responsible for an increase of the number of germ cells present in the germarium.
When expressed as a SL/pMAD ratio (Fig. S4P) , the ratio does not change between the control nanos-Gal4 and CAL1-YFP over-expression (nanos-Gal4SL/pMAD=3.57±0.32; UAS_CAL1SL/pMAD=3.38±0.22, Fig. S4P ). This is the result of an increase of both GSCs, as well as an increase in the size of the niche in the germaria over-expressing CAL1. However, in the CAL1-CID overexpression this ratio is significantly lower compared to the control (UAS_CAL1-UAS_CIDSL/pMAD= 2.47±0.23, Fig. S4P ). This is because an increase in GSCs number it does not correspond an increase in the size of the niche. This means that GSCs in germaria over-expressing CAL1-CID self-renew, rather than differentiate. To exclude the possibility that phenotypes were due to the genetic background of the responder flies, we conducted the same analysis on the ovaries of female flies of the transgenic responder lines (in which the over-expression is not induced) and similar values to the nanos-Gal4 control (not shown). Altogether, our results suggest that the over-expression of both CAL1 and CID together promotes self-renewal, while the over-expression of CAL1 alone stimulates proliferation.
CAL1 function is dispensable in the 16-cell cysts egg chamber
To examine CAL1 and CID requirements at later stages of egg development, we performed knock down experiments in cysts outside of the stem cell niche using the bam-Gal4 driver (active in 4-8 cell cysts).
Female flies from the control and the knock down were dissected and stained for VASA to mark germ cells and BAM to mark 4-8 cell cysts. Surprisingly, we noticed that cell division past the 4-8 cell stage is not impaired by depletion of either CID or CAL1 ( Fig. 6A -I'). Specifically, in the CID RNAi we did not observe a significant diminishment of CID levels at the centromeres, compared to the control ( Fig. 6J-K ). In the CAL1 RNAi, CID levels appear to be reduced, but cell division proceeds normally (Fig. 6L) . In 16-cell cysts, after the BAM region, we confirmed a reduction of CAL1 in the CAL1-knocked down samples, compared to the bam-Gal4 drivers ( 
6S-T and inset 6S'-T'). These results indicate that CID
and CENP-C are already assembled at centromeres at this stage and CAL1 function is dispensable at least for the cell division occurring after the 8-cell stage.
CID assembly dynamics differ between GSCs and differentiated cells outside of the niche
To better understand the dynamics of CID assembly between GSCs and cysts, we measured the amount of CID per nucleus in both cell types to detect possible differences. Ovaries from nos-Gal4 flies were dissected and antibody-stained against CID and we used the marker H3S10P to specifically capture cells at prophase.
Indeed, prophase is the cell cycle timing at which centromere assembly is complete in GSCs and it can also be used to mark cysts at the 8-cell stage, as CCs undergo synchronous mitoses ( Fig. 7A-H ). We noted that anti-CID staining at prophase labels centromeric CID, but also shows a nuclear non-centromeric localisation. As we did not observe this localisation with CID-GFP, it is possible that it results from this specific antibody combination. To overcome this, we focused our quantification on centromeric CID signals only. Compared to prophase GSCs, cyst nuclei are smaller yet centromeric foci are present in a similar number to GSCs at this stage. From our quantification, we detected an approximate 40% diminishment of the total amount of CID at the 8-cell stage (CC=323.4±20.94, n=26 cell analysed; Fig7I), compared to GSCs (GSC=547.2±41.57, n=24 cell analysed; Fig.7I ). This indicates a dramatic change in the assembly dynamics of CID into the centromeric chromatin, such that it is not replenished to 100% each cell division.
Because we did not observe any significant reduction in CID amount either using CID RNAi or CAL1
RNAi ( Fig. 6 and S5), these data suggest the inheritance of CID from the niche together with the reduced new CID loading in these cells.
DISCUSSION
Functional centromeres are fundamental for a correct segregation of chromosomes during cell division. In this study we have performed a detailed characterisation of centromere dynamics throughout the cell cycle in Drosophila female GSCs. This analysis reveals that GSCs initiate CID incorporation during G2 phase and that its deposition continues until prophase (Fig. 7J) and Drosophila neural stem cells follow the same trend. Notably, this timing is different from existing studies in other metazoans. We also found that CYCA, a G2 phase regulator, is critically involved in CID (and CENP-C) loading at centromeres, acting as a new centromeric assembly factor possibly independent of CAL1 ( Fig. 7J) . Moreover, chromosomes that will be inherited by GSCs are labelled with higher amount of CID (Fig. 7J ), detectable at prometaphase and metaphase. We show for the first time that depletion of the centromeric protein CAL1 in the stem cells is responsible for the lack of differentiated cells, but not of stem cells, in Drosophila germline female tissues.
Moreover, over-expression of CAL1 and CID together promotes stem cell self-renewal, while CAL1 overexpression alone causes GSC-like tumours. Intriguingly, we find that CAL1 function becomes dispensable at later stages of germline differentiation, probably as CID is incorporated in GSCs and inherited by cells outside of the niche. According to our findings we raise three main points of discussion:
1) Biological significance of centromere assembly in G2-M phase.
a) Cell cycle time. The assembly of centromeres between G2 and prophase, supported by our quantification and functional analysis ( Fig. 1 and 2 ), could be due to the contraction of the G1 phase, c) Epigenetic mechanism to drive cell fate during stem cell asymmetric division. Centromere assembly in G2 phase can also represent a strategy to differentially label sets of chromosomes to avoid random segregation during asymmetric division of the stem cell. In this context, we show that sister chromatids are labelled with differential amounts of CID upon centromere assembly; chromosomes that will be inherited by the GSCs incorporate 20% more CID, compared to chromosomes that will be inherited by the CBs (Fig. 3) . Specifically, we observed fluctuation of CID levels between sister centromere pairs during GSC prometaphase/metaphase, as already described (Bodor et al., 2014) . Despite this, a clear asymmetry is observed between the total amount of CID present on the set of chromosomes belonging to "GSC side" versus the one of the "CB side". More importantly, this asymmetry is not observed in CCs during the same time window. Moreover, arrested starfish oocytes and quiescent human tissuecultured cells are able to incorporate small amount of CENP-A per day (in the order of 2-10%), which is has an effect on centromere assembly in the long run (Swartz et al., 2018) . Furthermore, this small excess of CID is used to capture more microtubules nucleating from the daughter centrosome during the G2-M transition, the time at which centromere assembly occurs according to our data (Fig. 7J) .
Finally, our results are in line with the general concept of centromere assembly, which always occurs in a defined period of the cell cycle, outside of replication where canonical histones are incorporated into the chromatin.
2) Novel role for CID in cell fate during stem cell asymmetric division.
Our functional knockdown and over-expression studies support a role for CAL1 in cell proliferation ( Fig. 4 and 5) . Indeed, centromeric proteins have been already proposed as bio-markers for cell proliferation (Swartz et al., 2018) . In parallel, we show that the over-expression of both CID and CAL1
increases the number of GSCs without increasing the size of the niche, promoting stem cell self-renewal (Fig. 5) . As we did not observe CAL1 localisation to the nucleolus in germaria over-expressing both CAL1 and CID, our data suggest that this phenotype is strongly linked to the centromere locus. Finally, our quantification and functional analysis together support the hypothesis according to which amount of CENP-A detected at the centromeres might drive stem cell identity during stem cell mitosis.
3) Centromere assembly occurs prior to meiosis.
Our quantitative analysis of total CID levels in GSCs and downstream cyst cells, as well as CAL1 and CID knock down after the 8-cell stage of the germarium (Fig. 6 and 7) indicate that centromeres are crucially assembled in the GSCs and therefore before meiosis of the oocyte takes place. Thus, it is possible that the 16-cell cysts inherit centromeric proteins synthesized and deposited in the GSCs and little new CID loading occurs. This would explain why CAL1 function at centromeres is dispensable in these cells.
Ultimately, our results provide the first functional evidence that centromeres have a role in the epigenetic pathway that specify stem cell identity. Furthermore, our data support the silent sister hypothesis according to which centromeres can drive stem asymmetric division. This process continues until prophase. At prometaphase the nuclear envelope breaks down (dotted lines) and microtubules from the centrosomes attach centromeres through the kinetochore. At this point sister chromatid pairs have been loaded with differential amount of CID at centromeres. Chromosomes that retain the higher amount of CID (bigger centromeres, figurative) are able to attract more nucleating from the daughter centrosome (orange) and that will be inherited by the GSC. At anaphase centromeres are clustered at the opposite sides of the two daughter nuclei and strikingly retain this localisation also during replication.
At these stages we did not detect any changes in the amount of CID between GSC and CB. Telophase and G1 phase are shown as transparent because of the lack of data for these two phases. Increasing CID expression can determine cell fate, promoting GSC self-renewal.
BIBLIOGRAPHY STAR METHODS
Generation of the transgenic flies
Transgenic lines expressing C terminal tagged CAL1-YFP or both CAL1-YFP-CID-mCherry under control of UASp sequences were generated by transposable (P) element transformation of pUASp vector (kind gift from Xin Chen) in w 1118 embryos (injection, selection and balancing by BestGene Inc).
Specifically, CAL1-YFP and CID-mCherry constructs were placed in tandem following UASp sequences in the same plasmid. cid and cal1 cDNA were amplified from wild type. mCherry containing three codons for glycine residues at both sides was inserted in between cid N-terminal and cid C-terminal as described (Schuh et al., 2007) .
Fly stocks and husbandry
Stocks were cultured on standard cornmeal medium (NUTRI-fly) preserved with 0.5% propionic acid and Crosses were performed at 20 o C, 25 o C and 29 o C, specifically: CAL1 and CID knock down using the nanosGal4 driver were carried out both at 25 and 20 o C, while CAL1 and CID knock down using the bam-Gal4 driver were conducted both at 29 o C. CYCA knock down with nanos-Gal4 driver was performed at 25 o C.
Crosses for over-expression were carried out using nanos-Gal4 driver at 25 o C. Transgenic lines expressing GFP-tagged CENP-A/CID and RFP-tagged H2Av (heterozygotes) (Schuh et al., 2007) under respective endogenous promoters were a kind gift from Christian Lehner. Results obtained from each experiment rely on three biological replicates, unless otherwise specified.
Immunofluorescence (IF)
GSCs usually undergo mitotic division at very low frequency (Yamashita, 2003) , therefore, to increase our chance to catch multiple cell cycle phases during cell division at once, we used young female flies (<1 day old) for centromere assembly quantifications. To quantify metaphase GSCs in Fig. 3 we used young female flies 30 min old. For all the other experiments we used 3 days old female flies. Ovaries from young adult females were dissected in 1XPBS and fixed in 4% paraformaldehyde. In order to carry out the tubulin staining, ovaries were fixed ice cold methanol for 20 min at 4°C, followed by Acethone at -20 °C for additional 2 min. After fixation, samples were immediately washed in 1XPBS-0.4%Triton-X100 (0.4PBT).
Samples were then blocked in 0.4PBT with 1% BSA for 3-4 hours at room temperature, incubated with primary antibodies (in blocking buffer) overnight at 4°C and with secondary antibodies (in blocking buffer)
for 1 hour at room temperature. For quantification of CID in neuroblasts, brains from 3 rd instar larvae were dissected and fixed as described above.
EdU Assays
Young female flies were dissected and incubated for 30 min with EdU (0.01 mM) in PBS 1x and then fixed as described. After washing in 0.4PBT, ovaries were incubated for 30 min in the dark with 2 mM CuSO4, 1-100 M fluorescent azide (from 10 to 100mM stocks in DMSO), and 10 mM ascorbic acid. Samples were then washed with 0.4PBT for 10 min and then blocked and stained as previously described.
Antibodies
For immunostaining, the following antibodies were used: rabbit anti-CENP-A (CID) antibody ( 
Confocal microscopy
Images of immunostained ovaries were taken using an inverted Fluoview 1000 laser scanning microscope 
Super-resolution microscopy
Super-resolution images of immunostained ovaries were acquired using structured illumination microscopy. Samples were prepared on high precision cover-glass (Zeiss, Germany). 3D SIM images were acquired on a N-SIM (Nikon Instruments, UK) using a 100x 1.49NA lens and refractive index matched immersion oil (Nikon Instruments). Samples were imaged using a Nikon Plan Apo TIRF objective (NA 1.49, oil immersion) and an Andor DU-897X-5254 camera using 405, 488, 561 and 640nm laser lines. Zstep size for Z stacks was set to 0.120 um as required by manufacturers software. For each focal plane, 15
images (5 phases, 3 angles) were captured with the NIS-Elements software. SIM image processing, reconstruction and analysis were carried out using the N-SIM module of the NIS-Element Advanced
Research software. Images were checked for artefacts using the SIM check software (http://www.micron.ox.ac.uk/software/SIMCheck.php). Images were reconstructed using NiS Elements software v4.6 (Nikon Instruments, Japan) from a z stack comprising of no less than 1um of optical sections.
In all SIM image reconstructions the Wiener and Apodization filter parameters were kept constant.
Widefield microscopy
Images were acquired using a DeltaVision Elite microscope system (Applied Precision) equipped with a 100x oil immersion UPlanS-Apo objective (NA 1.4). Images were acquired as z-stacks with a step size of 0.2 μm. Fluorescence passed through a 435/48 nm; 525/48 nm; 597/45 nm; 632/34 nm band-pass filter for detection of respectively DAPI, Alexa Fluor 488, mCherry and Alexa fluor 647 in sequential mode.
Quantification
For each quantification one cell/germarium was considered, unless differently specified. Images from a single cell were projected (max intensity) to capture all the centromeres present in the cell at a specific cell cycle phase. Image J software (Schneider et al., 2012 ) was used to measure fluorescent intensity of CID in the following way. The background was subtracted from the projected image. Threshold was adjusted and the image was converted to binary. Overlapping centromeres were separated using the command "watershed". Following, the command "analyse particles" was used to select centromeres. Size was adjusted, in order to eliminate unwanted objects. Statistical analysis was performed using prism software. (Fig. S2A) . Prior the qPCR experiment, these primers were tested with a mixture of cDNA from Drosophila ovaries to make sure they only will amplify a single region from the genome. Following, we checked primer efficiencies with a dilution curve (10 -1 -10 -5 ) to make sure their range was within the 
RNA Isolation and Quantitative PCR
